This report summarizes the state of the art and recent developments and advances in the use of degradable polymers devices for osteosynthesis. The current generation of biodegradable polymeric implants for bone repair utilising designs copied from metal implants, originates from the concept that devices should be supportive and as "inert" substitute to bone tissue. Today degradable polymeric devices for osteosynthesis are successful in low or mild load bearing applications. However, the lack of carefully controlled randomized prospective trials that document their efficacy in treating a particular fracture pattern is still an issue. Then, the choice between degradable and non-degradable devices must be carefully weighed and depends on many factors such as the patient age and condition, the type of fracture, the risk of infection, etc. The improvement of the biodegradable devices mechanical properties and their degradation behaviour will have to be achieved to broaden their use. The next generation of biodegradable implants will probably see the implementation of the recent gained knowledge in cellmaterial interactions and cells therapy, with a better control of the spatial and temporal interfaces between the material and the surrounding bone tissue.
Introduction
The development of materials for osteosynthesis has been co-continuous with the improvement of the bone fixation knowledge and the complexity of surgical procedures. Thus, thanks to their outstanding mechanical properties, metal devices made of titanium alloys are the gold standard for the majority of the fracture fixation treatments. However, they have several significant drawbacks. First, after the fracture healing, a second operation is often necessary to remove the implants especially in paediatric and this has several risks such as infection, removal problems of jammed implants, implants migration and associated extra health care costs. Secondly, metal devices cause magnetic resonance imaging artefacts leading to visualization difficulties to monitor tissue regeneration. Finally, the high modulus of elasticity of metals compared to bone, results in the implant retaining a large fraction of the mechanical load applied to the bone. This is known as the "stress shielding" effect which leads to bone resorption, implant loosening and, consequently, the need for a second operation.
As a consequence, the thinking for many years has been to use a material that will degrade and which gradually loss is strength at the same rate of bone healing, would improve the final outcome of fracture surgery. The quest for such a material was the initial driving force behind the research on degradable polymers for osteosynthesis.
Biodegradable Materials
Conventional osteosynthesis devices made of metals have been challenged and the use of degradable devices considered since the middle of the last century (Van der Elst et al., 2000) . This can be linked to the discovery and the development of new materials such as poly(glycolic acid), a polymer that has been shown to be unstable in a "normal" environment.
Definitions
A biodegradable material can be defined as a material that breaks down in vivo, but with no proof of its elimination from the body (Vert et al., 1992) . For example, biodegradable polymeric systems or devices can be attacked by a biological environment so that the integrity of the material is affected and produces degradation fragments. A material shows preferential surface erosion or bulk erosion depending of its intrinsic properties (water diffusion and degradation rate) and its size (Von Burkersroda et al., 2002) . Such fragments can be carried away from their site of implantation but not necessarily from the body. A material is called bioresorbable when it shows degradation and further resorption in vivo. Thus, Degradable polymeric materials for osteosynthesis resorbable polymer by-products are eliminated through natural pathways either because of simple filtration or after their metabolization. Bioresorption is then a concept that reflects total elimination of the initial foreign material and any by-products (low molecular weight compounds). Thus, a biodegradable polymer is not necessarily bioresorbable. Finally, a material is bioabsorbable if it can dissolve in body fluids without any molecular degradation. The material is then excreted. A material implanted to maintain the mechanical properties of a bone fracture during the healing period should, by definition, have adequate strength, wear and fatigue resistance. It should also be safe and easy to use. When the device is to be removed after healing, it is an advantage that the implant does not present intimate and significant bonding with the surrounding tissues. However, when considering a biodegradable implant a strong bonding between the device and the bone may improve the stability of the fracture. The material should then allow bone apposition to its surface. This property is called osteoconduction. An osteoinductive material does not only support bone formation but positively enhances the bone formation because of its surface topography, chemistry and the release of bioactive degradation by-products (LeGeros, 2002) .
DEGRADABLE POLYMERIC MATERIALS FOR OSTEOSYNTHESIS: TUTORIAL
D
Materials
Biodegradable materials intended for bone repair can be from many origins, but they are all metabolized in the body without leaving traces after fulfilling their purpose. They should not be toxic or induce a negative response disproportionate to their beneficial effect. They should be easily processed into the desired shape, have an acceptable shelf-life and be easily sterilized. The degradable devices should possess adequate mechanical properties (e.g. strength, elasticity). These must gradually be lost during the degradation to progressively transfer mechanical loads to the newly forming bone (Simon et al., 1998) .
There are many materials that have been considered as potential candidates for biodegradable implants: magnesium metal and alloys, calcium phosphate ceramics and glasses, and polymers (Bohner, 2000; Gogolewski, 2000; Staiger et al., 2006) . The biodegradable polymers have probably generated the most expectation as degradable materials for osteosynthesis. Several polymers already have a long history as degradable materials for biomedical and pharmaceutical applications. Resorbable sutures, for example, have been commercialized for decades before biodegradable devices for osteosynthesis were available (Middleton and Tipton, 2000) .
Biodegradable polymers. They are either of natural or synthetic origin. Natural polymers can closely mimic the biological environment (e.g. extracellular matrix) and present some biofunctionalities, however none has yet been processed and modified successfully into strong fixation devices (Bonzani et al., 2006) . Synthetic polymers have the advantage to have a controlled and reproducible molecular structure and to be non-immunogenic. Biodegradable synthetic polymers have to be well tolerated upon implantation and during their degradation if considered for applications in contact with bone. It should elicit no or a minimal inflammation from the surrounding tissue and no reaction from remote locations. There are many factors common to any fixation device that can trigger a foreign body reaction: the implant geometry, the geometry and size of the implant, the implant surface properties, etc. The rate of implant degradation, the associated structural and surface property changes, and the biocompatibility of the released by-products are supplementary factors that have to be taken into account for these devices. The implant biocompatibility reflects the body's tolerance to these factors. Ideally, to avoid loosening, fluid accumulation and possible re-fracture, the implant must not induce bone resorption or the formation of a fibrous tissue encapsulation.
Polyesters. Poly(α-hydroxyacids) are probably the most widely researched biodegradable synthetic polymers and they have been used in orthopaedics since the 1960s (Pitt, 1992; Vert, 1992; Middleton and Tipton; , Van der Elst et al., 2000 Vert, 2005) . Among the poly(α-hydroxyacids) or aliphatic polyesters; the most studied are poly(glycolic acid) PGA, poly(lactic acid) PLA and their co-polymers. These polymers have been FDA approved for several medical applications and the vast majority of the commercial biodegradable fixation devices are based on these. PGA polymer is made of glycolic acid repeating unit and PLA monomeric unit, lactic acid exists as two optical isomers, L and D-lactic acid. The natural occurring L-lactic acid is more often used to synthesize poly(L-lactic acid) PLLA. Polydioxanone PDS, a poly(ether-ester) and poly(ε-caprolactone) PCL are also widely studied polyester for medical applications. The polyesters can be produced by direct polycondensation of the monomers (e.g., lactic acid), but high temperatures are needed, resulting in a polymer with high polydispersity and low molecular weight. The ring-opening polymerization of cyclic monomer or dimer is preferred to obtain high molecular weight polyesters (Fig. 1) .
In the presence of a catalyst, the ring-opening polymerization takes place at middle temperature leading to high molecular weight and low polydispersity polyesters suitable for biomedical applications. Also, inherent to the mechanism of polymerization and its sensitivity to moisture, the reproducibility and repeatability of the polyesters synthesis are difficult to achieve. This may lead to change of polymer properties from batch to batch and from one supplier to another. It is noteworthy that copolymers or ter-polymers which are polymers that contain two or more monomer types in their molecular chain can be produced by ring-opening polymerization of cyclic lactide, glycolide dimers and caproic monomers allowing the synthesis of polyesters with modified molecular structure, mechanical properties and degradation pattern (Glarner and Gogolewski, 2007) . Bacterial polyesters or polyhydroxyalkanoates (e.g. poly(β-hydroxybutyrate)) are also of interest as they can be produced from renewable resources. In the body, they degrade in more than 12 months and they have shown favourable interactions with bone. However, their production and extraction are still extremely costly (Chandra and Rustgi, 1998) .
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Degradable polymeric materials for osteosynthesis Other biodegradable polymers. Polyanhydrides, poly(orthoesters), polyphosphazenes, polyamides and polyurethanes have also been considered for biomedical applications (Chandra and Rustgi, 1998; Middleton and Tipton, 2000) . Whereas polyesters are made of monomers with ester linkage, polyamides are made of monomers with amide linkage. Their degradation rates are extremely slow compared to polyesters. Polyurethanes can be considered to have both the structural characteristics of polyesters and polyamides. Thus, biodegradation rate depends on the prepolymers that compose the polyurethanes (e.g. polyesters, polyethers, polyethylene glycol). The degradation behaviour of polyurethanes are more versatile than polyesters and can be tailored by the pre-polymer type and composition used (Gogolewski, 1997) . Polyurethanes have never been used for load bearing fixation, but polyurethanes have shown to be promising as membranes for guided tissue regeneration and as porous structures for filling bone defects (Gogolewski and Gorna, 2007) .
Polymer Degradation Mechanisms
Bone is a chemically active environment composed of many molecules including water, salts, enzymes, free radicals, etc. All may theoretically affect polymers degradation. Degradable polymers intended for fixation devices degrade primarily as a result of chemical and enzymatic mechanisms. UV-light, irradiation and mechanical load have also a marked effect on the disappearance of some polymers (Chandra and Rustgi, 1998; Middleton and Tipton, 2000) .
Chemical degradation
Most polymer devices degrade solely as a result of chemical degradation. The advantage of a polymer that degrades non-enzymatically by a chemical mechanism is that the kinetics of degradation can be controlled by the tailoring of the polymer. In addition, the assertion that PLLA and others synthetic polymers degrade exclusively by chemical mechanisms in vivo is disputable and it has been demonstrated that enzymes (proteinases) could also degrade PLLA (Williams, 1981) .
Hydrolysis is the most frequent mechanism of synthetic polymer degradation in a biological environment. Hydrolysis is also the major mechanism of degradation for polyesters ( Fig. 2) (Pitt et al., 1981; Li, 1999) . Ester, ether, urethane and urea bonds have decreasing sensitivity to hydrolysis in the respective order. They are responsible for the polymer chain cleavage, the decrease of polymer chain length and ultimately for the size of the chains that diffuse into the surroundings, when small enough. Many factors affect the hydrolytic degradation process and its speed (Li et al., 1990; Vert, 2005) :
The molecular composition of the polymer. The monomers that comprise the resorbable polymer affect the sensitivity of hydrolysable bonds. For example, PGA made of glycolic acid repeating units degrades faster than PCL made of caproic acid monomeric units. The polymer molecular weight (Mn). The length of the polymer chains influences the degradation rate. Obviously, the longer the polymer chain is (high Mn), the more hydrolytic chain scissions are necessary to obtain by-products which are able to diffuse out of the device. This reduces the degradation rate of the polymer. The crystallinity. Crystallinity is a measure of the organization, packing and interactions in a material. Although a polymer cannot be 100 % crystalline, a semi-crystalline polymer is well organized at molecular level and present many inter-and intra-molecular bonds (e.g. hydrogen bonds). In contrast, an amorphous polymer does not present a close packed organization. Therefore, small molecules such as water can more readily diffuse in amorphous polymers than in semicrystalline polymeric materials. The consequence is that amorphous polymers are hydrolyzed faster than semi-crystalline ones.
As an example, poly(α-hydroxyacids) hydrolytic degradation is influenced by four major factors: The hydrolysis rate constant of the ester bond (composition); the diffusion coefficient of water in the matrix (crystallinity); the diffusion coefficient of the chain fragments within the polymeric matrix and the solubility of degradation products (Mn and crystallinity). The byproducts produced by the hydrolysis of ester bonds in poly(α-hydroxyacids) are acidic. The consequence is that polymeric devices, made of PLLA or PGA degrade faster in the presence of the acidic by-products. This autocatalytic phenomenon, which is observed in massive samples only (above few millimetres), is due to the newly formed degradation products and the differential diffusion rate between the surface and the bulk of the material. Chiefly, the acidic by-products accumulate into the implant centre and lower the pH in the bulk of the material. The lower pH increases the speed of hydrolytic scission in the centre in comparison to the surface. This phenomenon has been observed in early polyester devices and was accompanied with a burst of acidic products released in the surrounding and a dramatic loss in mechanical properties that may have been responsible for the observation of delayed inflammatory response and mechanical failure respectively (Bostman and Pihlajamaki, 2000) ( Fig. 2 ).
In the body, the L-lactic released by PLLA is recycled by conversion into glycogen in the liver or incorporated into the tricarboxylic acid cycle and excreted in the lungs as carbon dioxide and water. Glycolic acid can be excreted in the urine or also enter the tricarboxylic acid cycle as Llactic acid. Others polyesters and resorbable polymer byproducts follow similar biological pathways (Simon et al., 
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Degradable polymeric materials for osteosynthesis 1998). Finally, the presence of impurities, fillers, plasticizers and additives can all influence the hydrolysis of polymers by modifying the crystallinity. They can also have a role in the polymer degradation by inducing oxidation reaction. Oxidation is another mechanism of polymer degradation for polyethers and polyurethanes. There are actually several oxidation mechanisms including oxidation by free radical and metals ions. For polyester devices, this is important mostly when considering shelflife of devices and sterilization as oxidation could occur during exposure to light (UV) and high energy radiation sterilization processes. Finally, polymer oxidation can also be performed by enzymes.
Enzymatic degradation
Enzymatic degradation occurs to different extents depending on the polymer type. Enzymatic degradation encompasses proteolytic and glycolytic degradation pathways. Macromolecules present in human tissues such as collagen, fibrinogen and hyaluronan are obviously susceptible to enzymatic degradation in vivo (Chandra and Rustgi, 1998) . Synthetic polymers can also be degraded enzymatically: First, by enzymes released by phagocytes, macrophages and neutrophils present in a wound and which endeavour to digest the foreign implanted material. This living tissue reaction that takes place in an injury site always occurs, even in the most favourable case (biocompatible material), upon the implantation of foreign device. Most polymeric devices are seldom degraded by this enzymatic degradation. Also, it has long been recognized that in vivo, poly(α-hydroxyacids) degrade faster than in vitro, and the site of implantation and its vascularisation influence the rate of degradation. Secondly, a specifically designed enzyme sensitive segment introduced into the polymeric chains (e.g. polyurethane)
can make the polymer sensitive to a specific enzyme (Rockwood et al., 2007) . This was primarly developed for drug delivery systems, in which the active molecule encapsulated in the polymer is released upon enzymatic degradation, and for the synthesis of biodegradable hydrogels for bone tissue engineering applications. The advantages of the enzymatic over purely chemical degradation are the efficiency and the selectivity of the mechanism.
Biodegradable Polyester Devices Processing
Mechanical properties of major biodegradable polymers, bone and others materials are reported in Table 1 . Machining, compression moulding, melt spinning and hot drawing are the most common processing methods for polymers. They all affect the intrinsic properties of the polymer to some degree and as a result the device properties (e.g. degradation and mechanics) ( Table 1) . For example, during the melting processing of PLLA, the heat and the presence of moisture reduce the polymer molecular weight (Simon et al., 1998) . The consequence is a decrease of mechanical properties and a faster degradation rate of the biodegradable polymer device. Enhance, a process that does not decrease the polymer Mn, crystallinity or orientation, and does not compromise its purity, preserved the mechanical and degradation properties of the device. In general, the higher the mechanical property of a degradable polymeric device, the slower is its degradation rate. This is obviously influenced by the shape of the device, its surface area and the porosity that may be desired or a result of the processing. 
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Regarding the mechanical properties of biodegradable devices, no significant improvements have been achieved since the development of extrusion process for the orientation and the increase of the polyester's crystallinity (Tormälä et al., 1986) (Table 2) .
Processed polyesters have stiffness values in the following decreasing order; SR-PGA, SR-PLLA, moulded PLLA, moulded PGA, moulded PDS and moulded PLGA (Table 2) . Carbon fibre reinforced polymers have also been developed to improve the mechanical properties of biodegradable polymeric devices, but because of the poor adhesion in-between the fibres and the polymeric matrix, rapid mechanical failure was often observed upon degradation (Zimmerman et al., 1987) . Moreover, the carbon fibres did not degrade in vivo. The consequence is that most of the degradable fixation devices on the market, designed to withstand some mechanical load are SR processed polymer materials. Self-reinforcement can be described as a moulding-extrusion process and consists in polymer fibres orientation into a matrix made of the same polymer (Tormälä et al., 1986; . The shaped devices can have initial strength close to metal ones (Tunc, 1991; Ashammakhi et al., 2004) .
Degradation
The degradation behaviour of a degradable polymer is associated with changes in its molecular structure, its geometry and most importantly for a fixation device its mechanical properties. Wu and Ding (2005) reported the investigation of the in vitro degradation properties of poly(L-lactic-co-glycolic acid) PLGA 85:15. They suggested the division of the polyester degradation profile into 3 stages. The first stage is called "quasi-stable" which lasts as long as the measured weight, the sample shape, the mechanical properties and structural integrity remain constant. Meanwhile, the average polymer weight starts to decrease. A second stage, called "loss-of-strength" stage, begins when the device's Young Modulus decreases, while the weight loss and structural change are not yet significant.
This stage ends when the third stage called "structuredisruption" stage begins, which happens from the first significant weight loss observation until the complete material disappearance. When considering a degradable material for use as a fixation device, it is important that it retains its mechanical properties until the bone has healed (stage 1 time equivalent). Moreover, the following loss of mechanical properties should be progressive enough to allow the new bone to withstand and remodel under the increasing load (stage 2). This information, even if it is usually accepted that polyesters degrade faster in vivo than in vitro, can then be used to select a biodegradable polymer composition that may fit the desired degradation pattern for the medical device. Although, the degradation behaviour of a polyester device depends strongly on the polymer Mn, its crystallinity, purity as well as the presence of reinforcing structure and its orientation, introduced during the processing of the device.
Degradable vs. non-degradable devices Mechanical properties. Compared to metallic devices, polymeric devices are less brittle because of a lower modulus of elasticity (Table 1 ), but they undergo more creep and stress relaxation. This causes loosening, which can be up to 20% of a degradable polymeric screw's initial holding force, causing greater fracture mobility (Claes, 1992) . A degradable device such as a PLLA plate with equivalent design and strength of a titanium plate is more bulky (e.g., 2 mm PLLA plate equivalent 1.5 mm K-wires) (Waris et al., 2002) . Having a bulky device may be detrimental in many ways but, most notably, it may be difficult to avoid the autocatalytic degradation process observed in polyester materials and the associated drawbacks. Moreover, large devices can be unsuitable for many specific trauma surgeries like in hand surgery, where low profile and gliding are essential.
Biocompatibility. Historically there was deep concern concerning the biocompatibility of polymeric devices when compared to metallic implants and the potential for aseptic (Black, 1992) .
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inflammation from wear debris generated during the implant degradation. Complications have been reported including sterile sinus tract formation, osteolysis, synovitis and hypertrophic fibrous encapsulation (Waris et al., 2002) . Depending on the poly(α-hydroxyacid) homopolymer and site of implantation, adverse tissue reactions due to inflammatory responses, nonunion, etc have been observed with a higher occurrence with the PGA than the PLLA devices (Bostman and Pihlajamaki, 2000) . This was attributed to their respective degradation rate and the process of by-products absorption (Taylor et al., 1994) . This is to a large extent due to the first generation of polymers used; PGA and PLLA, their crystallinity, purity and processing. A worthy illustration is the PLLA screw for bone fixation developed in the early 80s. Due to the size and shape of the screws, bulk degradation occurred with the build up of degradation products, the burst release of the acid by-products and the pH decrease in close vicinity of the screw. The consequence was that bone formation was affected. Moreover, with more than 10 years of surgery history, it has been shown that residual crystalline particle wear debris was often present in the area of the screw and could also affect the normal bone healing (Simon et al., 1997; Dunne et al., 2000) .
Degradation properties. Nowadays, the development of PLGA and other co-polymers that are not initially crystalline, and do not present a burst release upon degradation, have minimized the foreign body reaction associated with crystalline polyesters. However, one of the major difficulties is the follow up of the degradable devices which may take as much as 18 years to degrade fully in living tissue and enhance the loss of their major advantage (e.g. no implant removal necessary), compared to metallic implants (Pistner et al., 1993) . Hence, there is a need for polymers that would degrade completely without leaving traces within 6 to 18 months, while implants from these polymers would maintain their mechanical functionality over the entire period necessary for bone fracture healing (e.g. 6 months). Among the promising polymers, biodegradable amorphous ter-polymers based on randomly distributed repeating units of lactides, glycolides and caprolactones have been synthesized and their degradation profile characterized (Glarner and Gogolewski, 2007) . The molecular chain irregularity of these polymers as for the PLGA co-polymer, affects their crystallinity and facilitates the diffusion of molecules in and out of the polymers, and therefore their homogeneous degradation (Fig. 3) .
The composition of the ter-polymers produced allows some control over the degradation stages of the polymers. The stage I (constant mechanical properties) can be varied from less than a week to 20 weeks, followed by a steady decrease of mechanical properties (decrease of bending stress in 8 to 20 weeks) without dramatic mechanical failure and bulk degradation compared to PLLA (Figure 2 ) (Glarner and Gogolewski, 2007) .
Biodegradable Osteosynthesis Devices
Degradable polymers are principally used to replace metals in fixations that are under very low load and when degradation and material integration are highly valuable for the patient's outcome (Fig. 4) .
For craniomaxillofacial CMF surgeries, titanium implants are not without drawbacks. Removal of the implant is necessary in 12 % of patients because of thermal conductivity, allergic hypersensitivity, chemical carcinogenesis, infection, etc (Matthew and Frame, 1999) . The biodegradable implants overcome the metal implants' pitfalls and are frequently used in CMF surgery, and markedly in paediatric CMF surgeries (Fig. 4) . Biodegradable devices are also utilized to overcome the limitation of the non-degradable devices in others areas of reparative medicine such as foot, ankle, elbow, hand and wrist fracture treatment and spinal fusion surgery (Simon et al., 1997b ). An example is the radiolucent PLDLLA cages used in interbody fusion techniques (Wuisman and Smit, 2006) . PLDLLA cages implanted in a small number of patients offered a promising outcome (Kuklo et al., 2004) . Although, in this specific case, fast degradation or even complete degradation may not be advantageous, and non-degradable polymers such as poly(etheretherketone) may be more suitable. A common use of degradable interference screws is the anterior cruciate ligament reconstruction. A recent study has also shown the potential of these screws as an alternative to titanium screws for the fixation of autologous bone grafts in dental implants (Raghoebar et al., 2006) . On the whole, for more than two decades, biodegradable osteosynthesis devices have been used in many surgeries. Still, there are some important issues that are being discussed such as the infection risk associated with the biodegradable devices, their mechanical stability and the real gain in terms of healing success when compared to metallic devices.
Infection
The susceptibility of degradable polymeric devices to bacteria infection and biofilm formation is more complex than on metallic implants. Polymers of different composition have a potentially distinct response. Processes, sterilization and time of implantation can also modify the devices' interaction with bacteria. PLLA surfaces have been shown to be more prone to bacterial infection than titanium surface with an infection rate of 50%, ten times lower for the polylactide when compared to metal (Hauke et al., 1996; Schlegel and Perren, 2006 Table 2 . Tensile strengths of PLLA and PGA devices prepared using different process (Simon et al., 1998; Tormälä et al., 1986) .
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Degradable polymeric materials for osteosynthesis polymer compositions are equally resistant to local infection and, when the infection is created, the degradation products of both polymeric devices do not affect the established infection (Mainil-Varlet et al., 2001) . Also, studies have shown that, in vitro, Staphylococcus aureus adhesion was significantly reduced on PLLA compared to metal whereas the inverse has been observed for Staphylococcus epidermis (Barth et al., 1989 ). Thus, it can then be summarized that the poly(α-hydroxyacid) compositions do not affect significantly bacterial adhesion and infection. Degradable polymers are colonized by bacteria, similarly to non-degradable polymer surfaces, with probably a higher risk of infection than on metal implants -depending on the bacterial strain. Finally, the sterilization of a polymeric implant is more complicated than a metal one and can only be performed once. Common dry heat and autoclaving sterilizations cannot be carried out as they significantly modify the biodegradable device's specifications. Typically, ethylene oxide and radiations are employed to minimize degradation during polymer device sterilization. In early studies, these difficulties with the necessity of a careful storage to avoid early degradation may have been the cause of infection related to the release of by-products, screw loosening, etc. (Middleton and  Tipton, 2000) .
Stability
Early studies on the clinical stability of osteosynthesis fixations found no significant difference between titanium and degradable devices (Matthew and Frame, 1999) . It has been reported that higher breakage of biodegradable screws and plates has occurred essentially due to the more demanding handling of the biodegradable devices. The rate of breakage decreases after the surgeons become familiar with the biodegradable implants, which tend to be more bulky and have poorer handling than the titanium ones (Eppley et al., 2004) . Nonetheless, loosening of biodegradable polymeric fixations often occurs due to creep. A recently reported commercially available technique that surmounts this problem is based on an ultrasound device melting and welding of the biodegradable device (pin) into bone tissue. This method improves the stability of the biodegradable device and reduces time for the fixing of the device, when compared to conventional degradable screws with no thread cutting required (Eckelt et al., 2007) . The drawback of such a technique is that the necessary melting of the degradable pin makes it difficult to obtain a high strength material. Thus, the accurate control of the device degradation and mechanical properties may be difficult. In the meantime, in another study comparing PLGA and titanium Le Fort I osteosynthesis miniplate, a slight significant change in maxillary position has been observed as measured by cephalometric analysis of tantalum reference implants (Norholt et al., 2004) . This indicated a lower stability of the fracture when using PLGA device. However, this was not noticeable clinically and the outcome of the surgery was satisfactory for all patients. In conclusion, it seems that biodegradable devices can function as well as metallic devices in terms of implant stability.
Biodegradable vs. non-biodegradable devices
Controlled studies on the advantages of biodegradable versus metallic or non-degradable polymer osteosynthesis devices have been scarce until recent years. For example, biodegradable devices have the obvious advantage in hand surgery for the avoidance of soft tissue adhesion on implants, but only a few studies are available and none investigate the real benefit of degradable fixation against more traditional fixations in a controlled fashion (Hughes, 2006) . Retrospective studies have been reported, but they are often of poor value as they usually do not generate significant and conclusive answers to questions such as the possible higher risks of infection and failure using biodegradable devices. In fact, it is only this last decade that controlled comparison studies between metal and biodegradable devices have became available, and nearly exclusively for CMF surgery (Cheung et al., 2004) . Cheung et al. (2004) published one of the first randomized controlled trials concerning the comparison of biodegradable and titanium fixations. In this controlled comparison study, no significant difference in the rate of infection 1.53% and 1.83% respectively for titanium and SR-PLLA fixations, is observed. The outcome of a randomized study of the treatment of displaced radial head fractures with PLDLLA pins and metal implants has also evidenced that complication rates and clinical outcomes were comparable when using biodegradable and nondegradable implants (Helling et al., 2006) . In a study, two biodegradable miniplate systems are compared in sagittal split osteotomies with major bone movement (Landes and Kriener, 2003) . No significant difference between the two systems is observed and relatively good stability is achieved when using two biodegradable plates. Although the authors wished for more rigid and smaller degradable implants, because of breakage upon implantation and the inadequate implant dimension. This is in accordance with a compilation of 1883 paediatric craniofacial surgery cases that show postoperative infection lower than 1 % after a primary surgery for degradable implants (Eppley et al., 2004) . Similar randomized trial performed in other areas of reparative medicine, namely in wrist fractures, reports comparable results between the two groups, PLGA and titanium implants, in term of re-operation and wrist functionality (Van Manen et al., 2008) . Finally, a recent review by Jainandunsing et al. (2005) compiles the results of thirty-one published randomized and quasi-randomized controlled trials published in the literature since 1988, comparing difference in outcome between biodegradable and metal fixation devices for fixation of bone fractures or re-attachment of soft tissue to bone in adult patients. The authors conclude that there are enough randomized controlled trials that indicate that biodegradable implants are as good as metal implants when considering clinical outcome, complication rate and infections. However, they point out the need for higher quality reported trials with better defined treated injuries, the need to include cost-effective analysis, and the need for sufficient and longer follow up on patients. 
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Degradable polymeric materials for osteosynthesis (Akmaz et al., 2004) . For fixation of bone fractures in regions of low load, the investigation shows that the higher chemical strength and loading capacity of PLDLLA 80:20, due to higher crystallinity is advantageous for long term implantation. Also, long-term follow up has not been reported. Landes et al. (2006) report a 5-years experience with more than 400 implantations of biodegradable plate for osteosynthesis made of poly(L-lactic-co-glycolic acid) PLGA 85:15 and PLDLLA 70:30. Both devices degrade after 12 months and 24 months of implantation respectively for PLGA 85:15 and PLDLLA 70:30, leaving crystalline polymeric particles that are not detrimental to the bone formation in this specific application. Foreign body reaction is observed for 6% of the patients 3 to 4 months after the surgery without significant difference in between the two resorbable plates. Commercial devices made of glycolic and trimethyl carbonate monomers have also shown to have better flexibility and slower degradation rate than pure PGA (7 months) and to be suitable as interference screws for bone-tendon graft fixation (Middleton and Tipton, 2000) . Wittwer et al. (2006) compare three different biodegradable osteosynthesis materials and titanium devices, and show no significant difference in the fracture healing and the postoperative complications. These reports seem to point out that there are no clear benefits in using one or another biodegradable polyester for osteosynthesis. The relatively conservative approach taken for the design of the biodegradable devices is probably the explanation for this observation. In fact, the commercialized degradable polymeric devices are prepared from a small number of FDA approved polyesters, with similar degradation pathway and biocompatibility. Moreover, to avoid device mechanical failure the degradation time of the polymers considered is often much longer than the time of the biological tissue healing (Table  1 ). The consequence is that the device stays longer in the body than its useful lifetime and it is likely that some of the theoretical advantages: the avoidance of bone necrosis and the mechanical stimulation of the newly formed bone upon the device degradation for example, are lost. Without a doubt, there is the need to improve the degradation profile of the degradable polymers used for osteosynthesis in order to match more closely the bone healing process.
New trends for biodegradable devices Polymer coating. An important issue in bone tissue surgery is to minimize the risk of infection. Usually, antibiotics are the main tools to fight infection. A valuable method to avoid infection is to reduce bacterial adhesion on implant by the control of the fixation surfaces topography and chemistry (Harris and Richards, 2006) . The use of degradable polymers has been proposed for the coating of titanium plates and the local release of loaded antibiotic and antiseptic in a controlled fashion. Coating made of PLLA decreases significantly the rate of infection in vivo due to the degradation of the antibacterial coating and the release of drugs (Kalicke et al., 2006) . However, failure or peeling of the coating could potentially be detrimental to bone repair. Nonetheless, antibiotic-coated intramedullar nails implanted in eight patients with open tibia fractures have been shown to be effective in preventing infection (Schmidmaier et al., 2006) . A step further would be a fully degradable device with controlled surface topography and chemistry and with an antibiotic load to decrease infection. The optimization complexity of the material antonymic properties (i.e. mechanical, degradation and loaded molecules release) is likely to be the source for the lack of such commercial device yet.
Composite devices. The shift of focus on bone repair evolution from a purely mechanical stability viewpoint (conventional stable fixation) to a more biologically orientated approach (avoidance of necrosis, infection, biomechanical, biochemical and biological stimulations) has enforced the necessity of new degradable materials (Perren, 2002) . In a recent study Uhtoff et al. (2006) have developed polylactide inserts in a metal plate fixation device. The purpose of these PLLA inserts that fit between the hard plate and the screw is to allow some micro-motion limited to the axial direction and stimulate bone osteogenesis while avoiding bone necrosis. Also, the authors reported the failure of the insert in an animal study and the inadequacy of the material used; this is an interesting approach toward the development of new devices for osteosynthesis. Such devices could authorize some sway on the mechanical load applied to the healing bone, while keeping the stability of the fixation. Biodegradable polyurethanes could be an interesting alternative to PLLA because of their elastomeric property and resilience under cyclic load. Although in this design, the fixation may have to be explanted and the benefit of fully degradable device is lost.
Bioactive devices. An emerging area where biodegradable polymers are currently unavoidable is in cell guidance and tissue engineering constructs for bone tissue regeneration. These approaches take advantage of the cells' adhesion and spreading over polymer surfaces and the versatile processing properties of polymer to regenerate damaged living tissue. Biodegradable film surfaces for guided tissue regeneration have been used for more than 15 years in periodontal and craniofacial surgeries (Eickholz et al., 2006) . PLDLLA membranes combined with a bone filler or not, and coupled with an osteosynthesis device have shown to be a promising solution to speed up the healing of large bone defects (Gugala and Gogolewski, 1999) . Three-dimensional degradable structures have also been developed as bone substitutes. New bone formation and growth occur into the porous structure, which degrades over time, leaving a new regenerated bone tissue. Further improvement of the bone healing process has been attained by combining bio-molecules such as growth factors (e.g. bone morphogenic proteins) with biodegradable devices (Jain et al., 1998) . The last move forward has been the creation of tissue engineering constructs composed of a biodegradable porous structure, a biological stimulus such as growth factors and a biological component such as autologous cells. In this approach, the material, a support for bone regeneration, has a design which is the antithesis of the actual osteosynthesis fixations.
Degradable polymeric materials for osteosynthesis
Conclusion
There is not yet a biodegradable fixation available for long bone support such as the femur. However, degradable polymeric devices for osteosynthesis are shown some success in low or mild load bearing applications. The choice between degradable and non-degradable devices should be carefully weighed and depends on many factors such as the patient condition, the type of fracture, etc. The lack of carefully controlled randomized prospective trials that document their efficacy in treating particular fracture patterns and to show their superiority is still an issue. The current generation of biodegradable implants for bone repair, made of polymers and with designs copied from metal implants, originates from the concept that devices should be supportive and "inert" substitute to bone tissue. Meanwhile, the last advances in the field of regenerative medicine have shown that with the better understanding of the biological mechanisms and factors that influence living tissue regeneration, these devices may be "active" rather than "passive", leading to hope for new therapies. The next generation of biodegradable implants will probably see the implementation of the recently gained knowledge in cells therapy, with a better control of the spatial and temporal interfaces between the material and the surrounding biological tissue.
